This study investigated the characteristics of the surface modification layer of SG cast irons using the electro-discharge machining (EDM). Experimental results indicated that the EDMed surface shows a continuous ridge appearance and the ridge density increases with higher graphite area fraction or nodule count. The modified layer with the high hardness of about Hv 1000 possesses a similar composition to the base material with near-eutectic composition. Microstructural analysis results showed that this rapidly solidified layer comprises mainly cellular γ Fe and intercellular metastable HCP ε phase. Micro-twins can be observed within the γ cells and their formation can be attributed to the residual tensile stress caused by thermal impact.
Introduction
Ferritic spheroidal graphite (SG) cast irons are widely used in engineering applications due to their superior properties such as good castability, heat resistance, damping capacity and excellent machinability. Therefore, their usage can be broadened to applications in gravity aluminum alloy casting molds and metal forming dies. 1, 2) Because of this, material removal of SG cast iron using the electro-discharge machining (EDM) method, which is a widely used technique for die making and precision machining, has been studied in our previous reports. 3, 4) These reports also showed that a resolidified surface layer with high hardness could be found close to the EDMed surface.
Relevant reports have proposed using EDM as a surface modification technique on aluminum or ferrous alloys. [5] [6] [7] [8] [9] With regards to fairly soft metals, such as SG cast irons, it is desirable to machine precisely and surface modify during the same period utilizing the EDM method. Besides, the metallurgy of EDMed surface of ferrous materials has also been investigated by many researchers, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] but the effects of the second phase, such as graphite, have not been examined.
Considering the lack of the studies regarding this subject, the characteristics of the EDMed surfaces, as well as those of the modified surface layer, were explored in this study. In addition, the composition effects on the surface morphology were also examined.
Experimental Procedure
SG cast irons with carbon contents from 2.1 mass% to 3.7 mass% and silicon contents from 2.0 mass% to 4.9 mass% were prepared in this study. The chemical composition and carbon equivalent (CE = %C + (%Si/3)) data are given in Table 1 with each specimen named in the table according to its carbon and silicon contents. The testing materials can be divided into two groups, including (1) C1-C5 with varying carbon content and a constant silicon content of about * Corresponding author: E-mail: samsong@ms24.url.com.tw 2.7 mass%; (2) S1-S4 with varying silicon content and a constant carbon content of about 3.5 mass%. For instance, the optical microstructures of the C1, C2 and C4 specimens are displayed in Fig. 1 , showing that a higher graphite content and a finer graphite nodule as the carbon content is increased. The quantitative microstructural data of the testing materials are shown in Table 2 . The equipment used in the EDM experiment is illustrated in Fig. 2 and Table 3 displays the settled experimental parameters. The discharge voltage variation between the cop- per electrode and the specimen was measured with an oscilloscope. The state of discharge craters on the EDMed surface was indicated by ridge density, which was detected by surface roughness measurer. The ridge is defined as the peak on the surface which is higher than the average roughness value (Ra). Surface morphology and the resolidified layer were observed by SEM. XRD and TEM were also used to analyze the microstructure of the resolidified layer. 2 ) 0.7 * Duty factor is the ratio of pulse duration to a total pulse period. Fig. 3 Resolidified layer on the 3.5C-2.8Si specimen after EDM. Figure 3 shows a resolidified layer formed in the vicinity of the EDMed surface of 3.5C-2.8Si specimen. The hardness distribution tends to increase from the base material to the EDMed surface and then reaches an ultimate value above Hv1000 (Fig. 4) . Figure 5 shows the thickness of the resolidified layer on the SG cast irons with various compositions, indicating the layer thickness increased with a higher C or Si content.
Results

Features of the EDMed surface
The morphology of the EDMed surfaces is illustrated in Fig. 6 , showing a wavy ridge pattern formed by overlapping craters. We also found that clustered graphite particles were located in the troughs in-between the ridges. Figure 7 indicates the ridge density also tends to increase with a higher C and Si content, and the influence of C content is more obvious. 
Microstructural analysis of the resolidified layer
Considering the microstructural features of the rapidly solidified layer thus produced, a near-eutectic specimen, 3.5C-2.8Si sample, was selected for further investigation. Figure  8 shows the magnified structure on the ridge region of the modified layer on 3.5C-2.8Si specimen displayed in Fig. 3 , illustrating an extremely fine cellular structure with a thickness of about 50 µm. This photo also shows that this fine cellular structure grows along the through-thickness direction. The composition analysis results (Fig. 9) show that the resolidified layer comprised Fe, C and Si and the composition is similar to that of the base material. In additions, the element of the electrode (Cu) isn't detectable on the resolidified layer. Figure 10 displays the X-ray diffraction pattern on the EDMed surface of the 3.5C-2.8Si specimen, and shows that γ Fe and metastable HCP ε phase 16) were identified. The TEM analysis results shown in Figs. 11 and 12 demonstrate that the resolidified layer mainly consists of cellular γ Fe and intercellular ε phase. In addition, microtwins can be observed in the cellular γ Fe, as shown in Fig. 13 .
Discussion
The EDM process is carried in a dielectric fluid, with a small gap between the workpiece and the electrode. The bulgy area could be considered causing a strong likelihood for discharge to occur. Since the temperature at the discharge point was estimated as exceeding 3000
• C, rapid melting and evaporation occur on portions of the surface includ- Fig. 8 Magnified structure of the resolidified layer of 3.5C-2.8Si specimen. ing graphitic and ferritic regions. Only a small proportion of the melt produced by the discharge, about 15%, is carried away by the dielectric. 12) The remaining melt rapidly solidifies and forms a layer with an undulant surface. The flushing dielectric plays an important role in heat sinking during rapid solidification. Thus, the variations in hardness along the through-thickness direction of this rapidly solidified layer can be inferred to be the cooling rate gradient.
With each discharge, a crater is formed on the workpiece due to the discharge impact generated during EDM. 18) With regards to SG cast irons, the EDM process is illustrated schematically in Fig. 14 . At the first stage, the sparks and the melting occur successively (Fig. 14(a) ), and then the residual melt solidifies. Considering the poor wetability between the melt and graphite, 17) the graphite particles are dewetting from the molten material, and thus the semi-molten graphite will be situated on the cavities of the EDMed surface ( Fig. 14(b) ). The ridges formed between the semi-molten graphite can be considered to be the next sparking position (Fig. 14(c) ). Therefore, the graphite phase plays an important role in the surface roughness. As described in the results (Figs. 5 and 7) , an increase in carbon content has a greater effect on the EDMed surface roughness and resolidified layer thickness. As for surface roughness, this phenomenon can be explained by the data shown in Fig. 15 . That is, the ridge density is proportional to the graphite area fraction and inversely proportional to the graphite particle size. Furthermore, it is well known that increasing carbon content will lead to a higher graphite area fraction and a smaller graphite particle size. The combined effects of graphite area and particle size caused by a higher carbon content lead to numerous discharging points and thus increase the ridge density. Silicon content also has a considerable influence on the graphite particle size and thus has a weaker effect on the surface roughness. The combined effect of carbon and silicon on the surface roughness can also be expressed as a function of carbon equivalent (Fig. 16) .
As for the thickness of the resolidified layer, increasing alloying content leads to a thicker layer, especially with regards to carbon content. This is closely related to the discharge density, which is the pulse duration divided by the unit machining time. A higher discharge density can improve the discharge efficiency and thus increase the amount of molten material. Figure 17 indicates that in the experimental materials of this study, discharge density is proportional to the ridge density. This can be attributed to numerous discharge points caused by high graphite fraction area and nodule count, which increase the discharge density, and consequently the thickness of the resolidified layer is increased. Previous studies have reported the structure of EDMed surface layers in ferrous alloys. Austenite-martensite or austenite-ledeburite structures were found in the plain carbon steels and low alloy steels. 19, 20) Moreover, these reports also showed that martensite, ferrite, glassy phase and metastable carbide were observed in die steel. 6) In this study, microstructural analysis results concluded that the resolidified layer of EDMed SG cast iron comprised an extremely fine cellular γ Fe matrix and intercellular ε phase. All possible phases in the rapidly solidified Fe-C-Si alloys can be roughly summarized as γ phase, martensite, ferrite, amorphous phase, ε phase and other metastable phases (see Table 4 ). [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Since the high carbon content and high cooling rate can promote the stability of γ Fe, the cellular structure is formed as γ Fe, not martensite. 22) Furthermore, the formation of metastable ε phase is considered to be related to the cooling rate and composition. 24) Due to the high silicon content of the resolidified layer, ε phase is formed instead of cementite. 22) As Fig. 17 Ridge density of EDMed surface against discharge density. described in Fig. 9 , the composition of the resolidified layer is similar to that of the substrate, which is about 3.5 mass%C and 2.8 mass%Si. Referring to the relationship between the composition and quenched-in phases of rapidly solidified Fe-C-Si alloys by the splat cooled method or the rotating-wateratomization process 30) (Fig. 18) , the aforementioned structural difference of the recast layer between SG cast iron and other ferrous alloys can be recognized as resulting from the effects of C and silicon contents.
Twins can be observed in the cellular γ Fe of the resolidified layer. Earlier electron-microscope observations have witnessed the occurrence of growth microtwins in evaporated FCC metal films. 33, 34) They also suggested that the formation of the microtwins was resulted from the accidental wrong stacking of atoms in the {111} faces. As for EDMed surface, it can be inferred that the twin structure is caused by the significant tension residual stress resulted from the heat generated by electro-discharging. 13, 35) 
Conclusions
(1) A modified surface layer with the hardness higher than Hv1000 of SG cast iron can be obtained on SG irons us- ing the electro-discharge machining method. The ridge density and layer thickness increase with increasing carbon and silicon content. This is closely related to the graphite phase of the base material.
(2) Microstructural investigation showed that the resolidified layer which possesses a similar composition to the base material exhibits a cellular structure growing along the heat transfer direction. And the structure was found to comprise mainly γ Fe in the cellular region and metastable ε phase in the intercellular region. Microtwins were observed in the cellular γ Fe.
